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PROPERTIES FOR CELLULAR DECKS IN NEGATIVE BENDING 
By L.D. LuttrelV and K. Balaj~ 
INTRODUCTION 
Cellular roof and floor decks may be formed by attaching 
essentially flat sheets to a "hat-shapes" or to fluted profiles by 
spot welding along· the contact lines. This leads to a closed 
cellular deck unit suitable for such purposes as in-floor power 
distribution or communication systems. In positive bending, or 
when the flat sheet is in tension and stable, cellular deck 
flexural properties can be determined following the American Iron 
and Steel Institute Cold Formed Steel Design Manual. When the flat 
sheet is in compression, its contribution is not described in the 
AISI Manual since it is not continuously connected to the cell top. 
- In earlier AISI Manual Commentaries, an approximate method was 
suggested for evaluating flat sheets in compression. Basically, 
the sheet was treated as a "column" between welds and, if this 
"column" did not buckle at limiting panel flexural stresses, the 
element edge could be treated as if it were continuously supported. 
Existing effective width formulas could then be used. 
For the vast majority of cellular deck applications, welds are 
no so closely spaced and column-like buckling can occur. The 
purpose of this study has been to address cases with larger weld 
spacings and to propose a general method for finding the effective 
width of sheets in compression when used in cellular decks. 
TEST PROGRAM 
The Steel Deck Institute has sponsored a test program at West 
Virginia University in which eighty-two panel assemblies were 
tested. The panels were supplied by Epic Metals Corporation of 
Rankin, PA. in six different profiles as illustrated in Figure 1. 
Weld spacings, S.' of 4, 6 and 8 inches were used on all profiles 
with welds along each of the contact lines between the upper and 
lower units. Each deck type was supplied in several different 
combinations of top and bottom thicknesses allowing studies of the 
effects of weld spacing, thickness combinations, and profile depths 
on effective widths. 
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Figure 1. Tested Profiles. 
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The panels were tested on simple spans with the flat sheet in 
compression. Typical end bearings were 4 inches and cross-panel 
line loads typically were applied at third points. Certain loading 
modifications were made for deeper sections having more critical 
web depths. 
Test results are summarized in six tables at the end of the 
paper. A table identifies the profile type; base metal thicknesses 
t and tb for the hat and sheet, respectively; the weld spacing, S,j 
the theoret ical and observed bending strengths, Mt and M.; tne 
theoretical moment of inertia, It j and the observed moment of 
inertia, I •. Theoretical values for the section modulus and for 
moment of inertia were established using effective widths from the 
following sections. 
THEORETICAL DEVELOPMENT 
A side view of a cellular unit with the closure plate in 
compression is shown in Figure 2. The curved lines between spot 
weld locations indicate a potential for "column-like" buckling in 
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If the compression stress, f t , produced by M, is smaller than 
0, the panel should not buckle between welds and the effective 
width factor could be found as below: 
p 
p 
(1.052) (....!!.)~ fc 
{It tb E 
1.0 when As: 0.673 
(1.0 - O.B.) 
. 1 
when 1 ~ 0.673 
If f t and 0 are equal, the sheet is at a transition stress and 
the transition effective width factor, Pt' is found: 
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Fipure 2. Elevation of Cellular Section in 
Negative Bending 
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At 
When the applied bending moment causes compression stress 
levels in the hat unit that are above the critical plate stress, 
the plate effective width decreases as indicated by p in Figure 3. 
The final value for p can be represented by: 
The AISI formulations for effective width are based on a 
certain degree of stability along the edge of the compression 
element as expressed by a buckling coefficient. For a deck top 
sub-element between two webs, the buckling coefficient, K, is taken 
as 4. If the edge of the sub-element is less well supported, the 
coefficient is smaller. For cellular decks having the lower flat 
sheet connected to the hat by discreet spot welds, the established 
sub-element may not be well supported when in compression. 
With a cellular deck in negative bending, the lower sheet 
axial compression stresses along the span commonly do lead to sheet 
buckling between the welds as implied in Figure 2. At a critical 
stress, 0, the plate buckles away from the hat but it is not free 
to buckle and fail as a "simple column." Some stability can be 
maintained by adjacent units. It is most common for waves to form 
at alternate positions as indicated. Apparently the first buckle 
allows a local relaxation to develop relieving the adjacent "span" 
of length S.' The alternate-wave form will extend over the region 
with maximum bending moments. 
For cases where the welds are very closely spaced, 0 is large 
and the flat sheet does not show column like buckling. It follows 
the AISI effective width formulations as indicated in Figure 3. A 
step function in p exists at at the transition where o/~ = 1.0. 
As the applied stress, ~ begins to exceed 0, there is a sudden 
relaxation in deck stirfness as the sheet begins to buckle. 
However this buckling is not "free." It is controlled by the 
attached cellular hat and, with increasing applied bending moments, 
the buckled plate will continue to maintain a rather constant 
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stress level. Relative to the increasing fo' 0 becomes smaller. 
The experimental program indicates that the step function is 
related to the strain gradient over the section depth, Dt' as can 
be seen in the PM equation. The apparent limiting value for P-" 
develops when _ = fo = F. as illustrated below for some typical 
cases: 
with (] = fc = Fy 
( P.> lIDX = 1. 0/ -.fITt 
Wi th Dt = 1. 5": 
If Dt = 4. 5": 
P .. = 0.82 
P .. = 0.47 
For (] = 10 ksi. fo = 24 ksi. Fy =45 ksi: 
P. = 1. 21/ JDt 
For: Dt = 1. 5": 
For: Dt = 4.S": 
P .. = 0.988 
Pm = 0.570 
The PM term is closer to unity for shallow decks with lower 
compression stress. Such cellular sections are more flexible and 
better able to develop compresive strains in the flat sheet. 
Deeper and stiffer profiles take less advantage of the flat sheet 
contribution. 
DEFI,ECTION 
The section properites for deflection are determined at stress 
levels lower than those for bending, usually about sixty percent 
of limiting bending stresses. Once the plate has buckled at the (] 
stress, that stress level will remain essentially constant with 
increasing flexure. In terms of strain energy, the plate will have 
experienced axial strains at the limiting deflection case which are 
about 60% of those experienced at the bending failure. 
The effective widths for deflection calculations are 
determined using the same formulas as for bending but with the 
lower ~ deflection compressive stress. Then, 
Pt = values as for bending but with fa 
P.. = O. 6 I'fT'Fa 
P - P"'Pt: 
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ILLUSTRATION 
The cellular section is shown in Figure 4 in an exploded view. 
The bending upper unit flexural properties are determined following 
the 1989 AISI Cold Formed Steel Design Manual. The properties for 
the lower flat plate, in compression, are found following the 
research efforts reported here. All top element widths are the 
flat dimensions, to the toe of the bend radius, R, which is 
measured on the inside. Other dimensions are as shown on the 
figure. 
Flat dimensions for the lower sheet are measured to the weld 
centerlines and to edge bends that here are presumed to be sharp. 
Data. EP 300 (Test No. 46) 
Hat section: D = 3.021" 
Web angle • = 81. 6° 
t 0.0352" 
Lower Plate: GP 
HM 
HP 







HL = 0.9375" 
HB = 7.625" 
tb = 0.0456" 
Following the dimension in Figures 3 and 4: 
DI = D + t + tb = 3. 104" WW = 2.375" 
AV = (R + t/2)(1 - cos .) + t/2 = 0.3539" 
H = 0.25" 
Wb = 0.9375" 
HA = 7.125" 
HR = 0.4375" 
F, = 48.5 ksi 
The location of the neutral axis depends on the element effective 
widths. After several cycles of iteration, a value of y can be 
estimated. 
Assume: y = 1.422" Then DI - y = 1.682" 
Thus the controlling stress 
section in negative bending. 
is on 
Then, 
the lower surface for this 
f t = F, = 48.5 ksi and fl = 48.5(y)/(D1 - y) 41. 0 ksi 
The maximum compressive stresse in the hat is: 
47.19 ksi 
Check the effective widths for the bottom elements of the hat 
section: 












































































































































































1 = 1.052 (0.9375) 
.{4 0.0352 47 . 1.9 = 0 560 29500 . 
1 < 0.673: WB fully effective 
(AISI B3.2), Element H: 
1 = 1..052 ( 0.25 )~ = 0.424 
.;0:43 0.0352 29500 
1 < 0.673: H fully effective 
Check the critical stress for the lower plate elements. Welds are 
spaced along the sheet at S. = 6 inches. 
Since the compression stress, fco is greater than 0, all lower 
plate elements exist in a post-buckled state. With K = 4 for 





AT 0.526(w/ta ) sqrt(o/E) = 0.159 w 
1.133 > 0.673 
1.252 > 0.673 








48.51 5.61 0 193 48.5~ 3.104(48.5) = . 
Using the PM term with PT results in effective widths as follows: 
Eff. HA PM PT (HA) 0.193 (0.711) (7.125) 0.978 (14% effective) 
Eff. HM PM PT (HM) 0.193 (0.658)(7.875) 1.000 (13% effective) 
Eff. HB PM PT (HB) 0.193 (0.675)(7.125) 0.993 (13% effective) 
The small elements HL and HR are evaluated following AIS! B4.2 for 
approximate effective widths. 
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s = 1.28~ E = 1.28~ 29500 = 31.6 fa 48.5 
~L = 20.56 < S: HL fully effective 
s 
HR _ 9.60 < S: HR fullyeffective 
ts 
Check the effective widths in the webs following AISI B2.3. The 
maximum web stresses are at the extreme limits of the flat 





f t (y - AV)/y = 30.62 ksi tension. 




_ .)3 +2(1 - .) 19.26 
1 = 1.052 2.375 ~ = 0.583 
~ 0.0352 29500 
0.583 < 0.673: Webs fully effective 
I = sina• (ww»l = 1. 0926 
" 12 
Evaluate the arc elements are shown in Figure 4: 
• = 81.6" = 1.424 rad.; 
1': = R + ~ - C1 = 0 1381/1 v a 2 . 
arc = • Rc = 0.5599/1 
I = [. + sint Cos41 _ Sin2.] Rc2 = 0.0418 (inches) 3 
- 2 • 
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Summar:y of Section Pro~erties. 
Element Length (in·2 :y (in·2 Lr (in. 21 1i. (in.ll I' ( inll 
Top 3Wt 14.250 0.0182 0.2594 0.0047 
6 top acrs: 3.360 0.1381 0.4640 0.0641 0.2508 
Webs 6Ww 14.250 1.5287 21. 7840 33.3012 6.5556 
Bot arcs 3.360 2.9192 9.8085 28.6330 0.2508 
Hat bottom* 2.375 3.0392 7.2181 21.9372 
Flat PI. ** 5.630 3.0807 17.3443 53.4326 
PI. Laps + 3.619 2.612 9.4528 24.6908 
Summations 46.844 66.3311 162.0636 7.0572 
*--S~m-~f-Eff:-width;-f~;-(2H-+-2~) 
** Sum of Eff. Widths for (HL+HA+HM+HB+HR) times (tb It) to express 
in terms of hat thickness. 
+ Treated here as average lengths of the three lap elements; 
computer analysis for test program is specific. 
From the table summations for the full 24" panel width: 
Y = E(Ly)/EL = 66.3311/46.844 = 1.416" (Assumed y=1.422" ok) 
Ib = II Ly2 +ll I' - y2 II L) t 
= [(162.0636 + 7.0572 - (1.416)2(46.844)](0.0352) 
Expressing the properties per foot of width: 
Ix 2.6469 in4/2 ft. = 1.323 in4 I ft. of width. 
Dt - Y = 3.104 - 1.416 = 1.688" > Y: 
Sx 1.323/1.688 = 0.784 inl per foot of width. 
2.6469 in. 4 
For finding the moment of inertia for deflection, the same process 
is repeated but with the lower stresses and modified effective 
width terms previously described. 
For deflection, find: Ix = 1.378 in. 4 1ft. of width 
Y = 1. 459" 
The methods shown in the example problem were used to establish all 
theoretical values in the test summary tables atttached. 
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TEST SUMMARIES 
Six tables of test summaries 
being for a different deck profile. 
are attached wi th each tab Ie 











base metal thickness of hat, in. 
base metal thickness of flat sheet, in. 
spacing of welds along span, in. 
theoretical ultimate bending moment, in.-kips/ft. 
test-to-theoretical bending strength 
theoretical defl. moment of inertia, in. 4/ft. 
test-to-theoretical deflection moments of inertia. 
The effective width formulations presented here are based in 
eighty two tests and generally show good results when applied 
across a spectrum of section depths, spot weld spacings, and 
thickness combinations. The test program is continuing and will 
include closure plates with longitudinal stiffeners near web 
locations. 
The effective width factors are more conservative with the 
shallower sections especially when a repeating pattern fluted panel 
is used for the top unit as in the case with panels of the first 
four tables. It appears that the bottom-flat continuity between 
webs for these panels leads to a greater degree of web stability 
than when simple single unit hats are used to form the top part of 
the cell. 
Finally, it is worth comment that the AISI effective width 
formulas are based in tests with rather considerable scatter and 
that scattering effect is present in cellular units as well. 
It it very clear from this test program that the eliminaton of 
buckling between welds would permit successful application of the 
AISI effective width factors to flat plates in cellular units. It 
would seem obvious that the introduction of longitudinal stiffeners 
in the flat sheet, adjacent to the weld lines, could retard or 
eliminate "column-like" buckling and even permit rather greater 
spacing of welds without the 0 penalty. Phase two of this project 
will include selected specimens of this type. 
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Table 1. EP150 Decks in Negative Bending. 
Test Bending Deflection 
No. t (in·l tb ( in·l Sw Nt Mo/Nt It Io/It Note* 
-1- 0.0456 0.0452 B 23.39 0.99 0.436 0.96 
2 0.0454 0.0457 8 23.33 1. 00 0.437 1. 00 W 
75 0.0356 0.0459 4 21. 04 1. 08 0.383 1.19 W 
76 0.0357 0.0459 6 20.41 1. 04 0.373 1. 07 
77 0.0351 0.0456 8 19.53 1.10 0.357 1.10 
78 0.0486 0.0578 4 26.31 1.17 0.543 1. 21 
79 0.0460 0.0574 6 25.33 1.18 0.512 1.17 
80 0.0463 0.0582 8 24.89 1.14 0.498 1.11 BHF 
81 0.0459 0.0462 4 24.64 1.10 0.468 1.12 BHF 
82 0.0455 0.0461 6 24.02 1.12 0.452 1.15 BHF 
Averages: 1:09 ---r:l1 
*--W:-w~b-~;1ppl1ng-not~d-at-~lt1mat~:-------------------
BHF: Buckling in hat flange at ultimate. 
Table 2. ECP266 Decks in Negative Bending. 
Test Bending Deflection 
~ t (in·l tb (in·l Sw Nt Mo/Mt .!L- la/It Note* 
19 0.0464 0.0455 4 25.35 1.11 0.735 0.98 
20 0.0464 0.0456 4 25.36 1.13 0.736 0.95 
21 0.0465 0.0453 6 24.74 1.12 0.722 0.92 
22 0.0466 0.0456 6 24.83 1.08 0.725 0.85 
23 0.0467 0.0456 8 24.43 1.10 0.713 0.84 
24 0.0467 0.0460 8 24.46 1. 08 0.716 0.83 
25 0.0478 0.0562 8- 25.90 1.14 0.792 0.86 
26 0.0476 0.0474 8 24.99 1.13 0.733 0.84 
27 0.0474 0.0569 6 26.26 1.13 0.811 0.89 
28 0.0476 0.0575 6 26.42 1.10 0.781 0.88 
29 0.0472 0.0562 4 26.25 1.17 0.904 0.90 
30 0.0476 0.0570 4 26.48 1.16 0.916 0.92 
31 0.0344 0.0459 8 19.67 0.98 0.570 1. 03 
32 0.0357 0.0459 8 20.42 0.99 0.584 0.84 
33 0.0351 0.0460 6 20.41 1. 00 0.589 0.94 
34 0.0353 0.0466 6 20.57 0.97 0.595 0.91 
35 0.0356 0.0463 4 21. 23 0.96 0.604 0.90 
36 0.0352 0.0459 4 20.95 0.98 0.597 0.90 
Averages: l.O7 0.90 
*--No-;;b-~~ippli~g-~ot;d~-------------------------------
See foot notes, Table 1. 
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Table 3. EPC3 Decks in Negative Bending. 
Test Bending Deflection 
No. t {in. 2 tb (in·2 Sw Mt Mo/Mt It Io/It Note* 
-3- 0.0497 0.0566 8 38.33 1. 09 1.492 1. 09 
4 0.0490 0.0564 8 37.74 1. 06 1.475 1. 05 
5 0.0491 0.0533 6 38.40 1.17 1. 471 1.10 
6 0.0486 0.0566 6 38.65 1.13 1. 510 1. 09 
7 0.0483 0.0569 4 39.19 1.14 1. 731 1. 03 
8 0.0496 0.0569 4 40.21 1. 09 1.764 0.98 
9 0.0352 0.0467 4 29.78 1. 12 1.103 1. 02 
10 0.0351 0.0454 4 29.45 1. 02 1. 083 1. 07 
11 0.0343 0.0455 6 27.91 0.99 1. 056 1. 05 
12 0.0345 0.0457 6 28.10 1. 02 1. 063 1. 04 
13 0.0348 0.0457 8 27.22 0.98 1.047 0.99 
14 0.0345 0.0458 8 27.56 1. 01 1.043 0.98 
15 0.0494 0.0456 8 35.89 1. 01 1. 331 0.96 
16 0.0487 0.0456 8 35.38 1. 00 1. 318 0.94 
17 0.0518 0.0462 6 38.91 0.94 1. 413 0.91 
18 0.0495 0.0458 6 37.03 ~ 1.363 0.97 
Averages: 1. 05 ~ 
---------------------------------------------------------
* No web crippling noted. 
See Notes, Table 1. 
Table 4. EP300 Decks in Negative Bending. 
Test Bending Deflection 
No. t (in·2 tb {in. 2 Sw Mt Mo/Mt _I_t __ Io/It Note* 
~ 0.0462 0.0462 8 42.86 0.95 1. 669 0.81 W 
38 0.0457 0.0456 8 41. 86 1. 00 1. 647 0.90 W 
39 0.0452 0.0447 6 44.74 0.93 1.645 0.90 W 
40 0.0450 0.0447 6 44.52 0.97 1. 640 1. 06 
41 0.0454 0.0446 4 53.03 0.88 1. 715 1. 01 
42 0.0458 0.0446 4 53.63 0.87 1.729 0.98 
43 0.0353 0.0452 8 35.14 0.97 1. 374 0.96 W 
44 0.0355 0.0455 8 35.51 0.95 1.383 1. 06 W 
45 0.0348 0.0460 6 38.02 0.98. 1. 374 0.98 
46 0.0352 0.0456 6 38.15 0.96 1.378 0.97 
47 0.0351 0.0453 4 43.37 0.88 1. 387 1. 04 
48 0.0357 0.0455 4 44.47 0.84 1. 408 1. 03 
49 0.0456 0.0570 8 52.96 0.93 1. 826 1. 00 
50 0.0453 0.0570 8 52.55 0.94 1. 817 1. 04 W 
51 0.0453 0.0570 6 55.83 0.88 1.866 0.98 
52 0.0454 0.0571 6 55.99 ~ 1.871 0.95 
Averages: 0.93 0.98 
---------------------------------------------------------
* W: Web crippling noted at ultimate. 
Decks tended to develop som web instability near ultimate. 
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Table 5. EP450 Decks in Negative Bending. 
Test Bending Deflection 


















































































































Several methods were used to limit web instability, including 
changes in support width. Only the last 5 tests can be 












































































BCB: Cell ends blocked up eliminating end crippling controlling. 

